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We describe the design and evaluation of a filter fluorometer in which a photomultiplier detector is used in the photon-counting mode. Output frequency is shown to be linear with light intensity from 5 Hz to 800 kHz. Comparisons with commercially available instruments show an inherent sensitivity superior to a commercially available filter instrument and comparable to that of a spectrofluorometer.
Results are included showing the applicability of the instrument to the kinetic determination of lactate dehydrogenase in serum. 
Materials and Methods

Apparatus
Our primary goal of evaluating the performance characteristics of a photon-counting detector system for fluorometric analyses dictated an excitation source with stability characteristics well beyond those expected of the detector system. Since xenon and other arc sources tend to be unstable, we chose to sacrifice ultraviolet response in favor of the high stability that can be achieved from filament-type lamps. A high-wattage tungsten halogen lamp, driven by a regulated power supply, was used to provide the high stability excitation source required in this study.
The optical system is represented in Figure 1 . The system is constructed on a 1/4-inch stainless-steel plate mounted on 2-inch high steel strips. 4.0 cm is located at the straight-through exit port of the beam splitter.
The excitation filter is placed between this latter lens and the cell, which is located at the image plane of the lens. An emission filter is located in the cell housing. ml of lactic acid, 0.1 ml of NAD+, 0.1 ml of resazurin, 0.2 ml of diaphorase, and 50 tl of sample solutions. The measurements were made at room temperature (23 #{176}C). Fluorescence (counts) vs. time was logged either manually or with an on-line computer.
Results and Discussion
Component Selection and Design
Detector selection. Figure 2 shows the relationship between counting frequency and discriminator voltage for side-on (RCA 931A) and end-on (EMI 9558C) photomultiplier tubes. The lower plots represent the dark current response; the upper plots represent the responses of the tubes when illuminated with the same intensities from an LED. An arrow on each plot is at the discriminator voltage corresponding to the inflection point in the dark-current response curve; this is the optimum discriminator voltage level for photon counting (6). The dark-current count rate for the 931A tube is about a tenth that for the 9558C tube. Also, for the side-on tube, the ratio of the illuminated frequency to the dark-current frequency at the inflection point is about fourfold that for the end-on tube. Similar observations have been reported elsewhere (3). The relatively low cost of the 931A tube, combined with the observations described above, led us to select this tube for the remainder of this work. The 931A tube exhibits the expected exponential increase in count-rate vs. dynode voltage for voltages greater than 800 V, leading us to select a value of 1000 V for the remainder of this work.
Counter performance. Synthetic pulses and photon-generated pulses were used to evaluate the performance of the counting circuitry. Synthetic pulses with some 20 frequencies, ranging from 10 Hz to 1 MHz, were applied directly to the counting circuitry and counted for carefully controlled periods. The standard estimate of error for all frequencies was 0.11%.
'
Illumination intensity was that obtained from a LED operated at 20 mA. are presented in Figure 3 . Counting frequencies covered by these data range from 5 Hz to 800 kHz, or a total range of 1.6 X 10. Each data set demonstrates good linearity over a 50-to 100-fold intensity range as demonstrated by the plots and the coefficients of variation of the least-squares slopes. These experiments were not designed to test the linearity of the system over the entire intensity range examined. However, the lowest points on curve B and the highest points on curve C are close together, as are the corresponding points on plots A and B. These observations suggest that good linearity can be achieved over at least 100-fold anywhere within the range examined.
The CV of the slope is increased to about 5% if the dynamic range is extended to 4 x 10g.
Source stability. Figure 4 , the open square enclosed in parentheses represents the detection limit of 1.6 x 10 mol/liter quoted in that paper. While the extrapolated values for the two data sets generated in this work have no real meaning in terms of measuring low concentrations of fluorescein, they do permit a comparison of the potential capabilities of the different instruments. The calculated detection limit for the photon counter is about three times lower than that for the spectrofluorometer and about 200 times lower than that for the multicuvet fluorometer.
These calculated detection limits are less than satisfying and the next section discusses data that ap-4 to 400 4.15 ± 0.08 nA Table 1 includes regression parameters for these data and Figures 5B and SD include the lines drawn from these regression parameters.
It is clear that both the photon-counting fluorometer and the spectrofluorometer are linear down to about 2 X 10h1 mol/liter while the filter fluorometer is linear down to about 2 x 10 mol/liter. The calculated detection limits are quite close to those observed experimentally in each case. The concentration intercepts calculated from the regression equation (y = a + bx, with y = 0) agree reasonably well with experimental observations when the ±2 SD limits are taken into account.
Several comments are in order to place the above data and observations in proper perspective. The excitation flux at the cell varies among the different instruments, and is about a tenth as much for the filter instrument as for either of the other two used in this work. The spectrofluorometer was upgraded by the use of a high-sensitivity photomultiplier operated at -20 #{176}C to reduce dark current. Also, the output signal was evaluated by careful measurement of changes in the position of a reproducible reference point on the noise envelope recorded on chart paper. In this manner, it was possible to extract relatively small signals (<0.01 nA) from a noise envelope with peak-to-peak variations as large as 0.1 nA. Thus, the detection limits reported in Table 1 to the value of 3 X 10 mol/ liter given in Table 1 . On the other hand, current models of this instrument deliver higher excitation fluxes at the cell and can be expected to yield higher sensitivities than the present instrument in its "standard state". The performance of the photon counter can be upgraded by improving the optics to reduce stray light and by using photomultipliers that have lower background count rates than the 931A tube used in this work.
Clearly then, each observation made above is highly dependent on experimental conditions and should be judged accordingly.
However, the fact remains that simple photon-counting fluorometer exhibits sensitivity as good as or better than that for the commercial instruments with which it is compared. The potential user of such a device can compare it with any instrument in current use by comparing his data with those presented in Figures 4 and 5 and Table 1 .
Kinetic Analyses
The photon-counting fluorometer has been evaluated for kinetic analyses by using LD as an example. The reaction system used is that described originally by Guilbault (9) and is represented in the following two equations:
Resorufin yields fluorescent energy at 580 nm when excited by energy at 540 nm. The fluorescence intensity is proportional to resorufin concentration, and the rate of increase in fluorescence intensity is proportional to the reaction rate and to the LD concentration.
In one set of experiments solutions of purified enzyme were diluted and the rate of change in counting frequency was measured for each of several solutions. Typical data for two such experiments conducted on different days are plotted in Figure 6 . The plot is linear over a 100-fold range of LD activity. Statistical data for the least-squares fit are included in the Figure and LD concentrations were calculated from runs made on each sample. Results are tabulated in Table 2 .
These two groups of experiments demonstrate clearly that the photon counting fluorometer is wellsuited for kinetic analyses. The data in Table 2 were collected and processed manually, while the data in Figure 4 were collected and processed by an on-line computer.
There is little or no difference in the quality of the data, the primary difference lies in the ted- an exit slit and a second photomultiplier tube in line ium of the manual processing. The miniature multipurpOse computer described recently (10) should be ideal for processing these data. Any of the common two-, three-, or multi-point kinetic methodologies can be applied to the output from the photon-counting fluorometer.
Summary. This work has demonstrated that a relatively simple photon-counting fluorometer can yield results markedly superior to those obtained with a simple analog filter instrument and comparable to those for a high-performance spectrofluorometer. The sensitivity of the device can be improved by several orders of magnitude by substituting better counting tubes for the 931A photomultiplier, by using high-intensity excitation sources, and by using longer counting periods.
The principles demonstrated here for fluorescence instrumentation are as valid for molecular and atomic absorption methods as for flame and other emission methods. Including
